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Abstract The basal lineage of monotremes features
an extraordinarily complex sex chromosome system
which has provided novel insights into the evolution
of mammalian sex chromosomes. Recently, sequence
information from autosomes, X chromosomes, and

XY-shared pseudoautosomal regions has become
available. However, no gene has so far been described
on any of the Y chromosome-specific regions. We
analyzed sequences derived from Y-specific BAC
clones to identify genes with potentially male-
specific function. Here, we report the identification
and characterization of the mediator complex protein
gametologs on platypus Y5 (Crspy). We also identi-
fied the X-chromosomal copy which unexpectedly
maps to X1 (Crspx). Sequence comparison shows
extensive divergence between the X and Y copy, but
we found no significant positive selection on either
gametolog. Expression analysis shows widespread
expression of Crspx. Crspy is expressed exclusively in
males with particularly strong expression in testis and
kidney. Reporter gene assays to investigate whether
Crspx/y can act on the recently discovered mouse Sox9
testis-specific enhancer element did reveal a modest
effect together with mouse Sox9+Sf1, but showed overall
no significant upregulation of the reporter gene. This is
the first report of a differentiated functional male-specific
gene on platypus Y chromosomes, providing new
insights into sex chromosome evolution and a candidate
gene for male-specific function in monotremes.
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Abbreviations
BAC Bacterial artificial chromosome
CDYL Chromodomain protein, Y chromosome-like,

processed pseudogene
CDY Chromodomain protein, Y-linked
DMRT1 Doublesex and mab-3 related transcription

factor 1
DMY Y-specific DM-domain gene required for

male development in the medaka fish
MED15 Mediator complex subunit 15
CRSP7 (MED26) Mediator of RNA polymerase II

transcription subunit 26. Cofactor required
for Sp1 transcriptional activation, subunit 7

Crspx Mediator complex subunit 26 on platypus X
Crspy Mediator complex subunit 26 on platypus Y
SF-1 Steroidogenic factor 1
SOX9 SRY (sex-determining region Y)-box 9
SP1 Specific protein 1 (transcription factor)
SRY Sex-determining region on Y
TESCO Testis-specific enhancer core element
UPGMA Unweighted Pair Group Method with

Arithmetic Mean

Introduction

Heteromorphic sex chromosomes have evolved in dif-
ferent animal and plant lineages. In some lineages, sex
chromosomes have been conserved (for example, the
XY sex chromosomes in therian mammals and the ZW
in birds), while different sex chromosomes have
evolved in closely related insect, fish, and reptile
species (except birds) (Ming et al. 2011; Kaiser and
Bachtrog 2010; Marshall Graves 2008). Despite uti-
lizing different sex chromosomes, the differentiation
of male- or female-specific Y and W chromosomes
due to lack of recombination is a common theme in
sex chromosomes evolution, and leads to similar pat-
terns of sequence differentiation on X/Y or Z/W chro-
mosomes (Charlesworth et al. 2005; Ellegren 2011).
The generally accepted model of sex chromosome
evolution is that accumulation of sexually antagonist
genes in proximity of a sex-determining locus pro-
vides a selective advantage for lack of recombination
between sex chromosomes (Charlesworth 1991).
While the X and Z chromosomes will undergo recombi-
nation in the homogametic sex, the Y and W chromo-
somes will accumulate mutations. Deleterious mutations

can accumulate faster because of the fixed heterozygos-
ity of Y and W chromosomes in the heterogametic sex
and other evolutionary forces such as Muller’s ratchet
and genetic hitchhiking (Felsenstein 1974; Rice 1987;
Muller 1918). On the level of single genes, it has been
suggested that accumulation of deleterious mutations is
due to relaxed purifying selection in combination with
genetic drift, enhanced by low effective population size.
Alternatively, genetic hitchhikingwould allowmutations
to be fixed in particular under strong positive selection.
Together, these models predict increased levels of non-
synonymous (dN) to synonomyous (dS) substitutions on
heteromorphic sex chromosomes (Berlin and Ellegren
2006; Sandstedt and Tucker 2005; Wyckoff et al. 2002).

Several mechanisms have been proposed to slow
this inevitable decay of one of the sex chromosomes.
This includes palindromic sequence organization
facilitating gene conversion (Rozen et al. 2003;
Skaletsky et al. 2003) and occasional recombination
events including X- and Y-specific regions have been
proposed recently (Stock et al. 2011). Differentiation
of genes as a result of sex chromosome evolution
presents an opportunity for subfunctionalization and
neofunctionalization of the gene on the sex-specific
chromosome (Y or W chromosome). This can occur
via mutation in the non-recombining part and the
frequent duplication events that often result in multiple
copies of genes on Y chromosomes (Wilson and
Makova 2009). Signatures of subfunctionalization
and neofunctionalization are change in the expression
pattern and sequence divergence. Such a pattern of
gene evolution has been shown for genes that have
retroposed from autosomes to Y chromosomes (e.g.,
CDYL/CDY in primates and DMRT1/DMY in medaka)
or gametologs that diverged as a result of recombina-
tion suppression (Wilson and Makova 2009; Matsuda
et al. 2007; Dorus et al. 2003).

In addition to the common XX/XY and ZZ/ZW sex
chromosomes systems, some species feature more than
two sex chromosomes. These can arise by interchromo-
somal rearrangements between an autosome and a sex
chromosome. Usually, these autosome–sex–chromo-
some rearrangements are thought to be deleterious as
they interfere with sex chromosome-specific epigenetic
changes like X inactivation or meiotic sex chromosome
inactivation (Ashley 2002). Despite this, X1X2Y and
rarely XY1Y2 sex chromosome system have been
described in various mammalian lineages and are fre-
quently found in fish and insects (Gruetzner et al. 2006;
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Cioffi et al. 2011a, b; Galian et al. 2007; Rowell 1987).
In most cases, these systems are thought to have evolved
independently.

The multiple sex chromosome system in monotreme
mammals defies most of the rules that seem to apply to
other sex chromosomemultiples (Gruetzner et al. 2006).
Both platypus (Ornithorhynchus anatinus) and echidna
(shortbeaked echidna, Tachyglossus aculeatus and three
species of long-beaked echidna, Zaglossus), constitut-
ing the extant monotreme lineage, feature multiple sex
chromosome system including ten and nine sex chro-
mosomes, respectively (Murtagh 1977; Grutzner et al.
2004; Rens et al. 2004, 2007; Bick et al. 1973). Eight
sex chromosomes share homology between platypus
and echidna (Tachyglossus aculeatus) showing that this
system evolved early in the monotreme lineage (Rens et
al. 2007). Additional autosome–sex–chromosome trans-
locations in the echidna and platypus lineage occurred
after their divergence over 25Million years ago (Rens et
al. 2007; Dohm et al. 2007; Warren et al. 2008). There
are two fundamentally different scenarios to explain the
evolution of this complex system (Gruetzner et al.
2006). The difference between the platypus and echidna
sex chromosomes, and in particular, the scattering of
homology to the chicken Z chromosome onX5, X3, X2,
and X1 supports a sequential sex chromosome auto-
some translocation model (Grutzner et al. 2004;
Veyrunes et al. 2008). In addition, homology to a num-
ber of autosomes has been established but notably no
homology to the humanX chromosomes has been found
on any of the sex chromosomes. Instead, most of the
platypus orthologs of genes on the human or mouse X
have beenmapped to platypus chromosome 6 (Veyrunes
et al. 2008; Rens et al. 2007).

Complexity and evolutionary ancestry of monotreme
sex chromosomes can provide valuable insights into a
number of aspects of sex chromosome biology. The
main knowledge gap regarding monotreme sex chromo-
somes at present is the absence of information about the
Y-specific parts of the four Y chromosomes in echidna
and five Y chromosomes in platypus. This is particularly
relevant as the sex determination mechanism in these
species is not yet understood. In most other mammals,
the Y-borne Sry gene acts via the testis-specific enhancer
element to upregulate Sox9 during early male develop-
ment (Sekido and Lovell-Badge 2008). Although the
enhancer element is present in platypus (Bagheri-Fam et
al. 2010), monotremes lack the Sry gene (Grutzner et al.
2004) and it is unclear how sex determination is

triggered and whether it is mediated through Sox9
upregulation.

The platypus genome project sequenced the
genome of a female platypus providing information
about the gene content of mainly the larger X1 and X5
with some genes assigned to X2 and X3, but no
sequence information has been identified on the very
small X4 (Warren et al. 2008). The genome project
therefore revealed information about X-specific and
XY-shared regions but not for Y-specific regions.
Monotremes are not unusual in this, and comprehen-
sive sequence information has been missing from
many species including humans where the sequence
of the Y chromosome was determined several years
after the initial sequencing of the human genome.
Only recently, sequence information has been pub-
lished for other mammalian species (Hughes et al.
2006; Skaletsky et al. 2003; Murphy et al. 2006).
Together, these illustrate the need to obtain sequence
information that will provide insights into the process
of Y chromosome differentiation and reveal genes
potentially involved in sex determination in monot-
remes. Because of a generally poor physical map, and
complete absence of clones mapped to Y chromosomes,
we used Y chromosome paints to isolate and sequence
Y-specific bacterial artificial chromosomes (BAC)
clones (Kortschak et al. 2009; Grutzner et al. 2004).
Sequencing of those Y-specific clones has already
revealed insights about the repeat and gene content of
platypus Y chromosomes (Kortschak et al. 2009). In this
study, we present the identification and analysis of a
mediator complex subunit gene with differentiated X
and Y copies in platypus.

Material and methods

RNA extraction

Adult male (liver, muscle, kidney, testis, brain) and
female (liver, muscle, kidney, brain, active ovary)
platypus tissues were used to isolate DNA and RNA
using standard protocols. Total RNA was extracted
from −80°C frozen tissues using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA), according to the
manufacturer’s instructions. RNA was resuspended in
nuclease free water and stored at −80°C. To remove
genomic DNA, 1 μg of RNAwas treated with DNase I
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(New England Biolabs, USA), precipitated and
re-suspended in RNase-free H2O.

cDNA synthesis

Samples of 1 μg of RNA were used to obtain cDNA
from each tissue using a SuperScript III First-Strand
Synthesis System for RT-PCR (Invitrogen, Carlsbad,
CA, USA). Briefly, RNA was incubated with 1 μl of
50 μM oligo(dT) and 1 μl of 10 mM dNTP for 5 min
at 65°C. After incubation, 2 μl of 10× RT buffer, 4 μl
of 25 mM MgCl2, 2 μl of dithiothreitol (DTT, 0.1 M),
1 μl of RNaseOUT™ (40 U/μl), and 1 μl SuperScript
III RT (200 U/μl) were added and incubated for
50 min at 50°C. The reaction was terminated at 85°C
for 5 min. To increase the sensitivity of the PCR
reactions, 1 μl of RNase H was added to each tube
and incubated further for 20 min at 37°C. The cDNA
synthesis reactions were stored at −20°C.

Gene expression analysis

RT-PCR was optimized and performed to determine
the level of mRNA expression in 6 platypus tissues.
The PCR was performed in 25 μl volume containing
0.5 μl of cDNA from each tissue, 2.5 μl of 10× PCR
reaction buffer with MgCl2, 1 μl of 10 mM dNTP
solution, 0.5 μl of each primer (20 pmol/μl), and
0.125 μl (1 U/μl) of Roche Taq DNA polymerase
(Mannheim, Germany). The temperature conditions
for all PCRs were as follows: initial denaturation at
95°C for 2 min, 5 cycles of denaturation at 95°C for
30 s, annealing at 70°C for 4 min, extension at 72°C
for 2 min and 25 cycles of denaturation at 95°C for
30 s, annealing at 58°C for 45 s, extension at 72°C for
2 min, and 5 min for the final extension. The PCR
products were visualized on a 1.5% agarose gel
stained with ethidium bromide.

Platypus Crspx and Crspy primers were designed
using NCBI primer-blast online program at http://www.
ncbi.nlm.nih.gov/tools. Primers are shown 5′–3′ as fol-
lows: Crspx for-ACCCGTCGCCCAGAATGAAGC,
Crspx rev-GGTCGGGAGCGGAGAGGAGTT; Crspy
for-ACCAGTAAATGCTGTGAAACCTC, Crspy rev-
TTCTTTTTATTGGCTGGTTCTGA. Specificity of
each primer set was confirmed by cloning of the PCR
products into pGEM-T Easy vector (Promega, Madison,
USA) and subsequent sequencing. The PCR products
were sequenced using BigDye Terminator v3.1 Cycle

Sequencing Kit. To amplify distinguishable products in
genomic DNA and cDNA and to avoid DNA contami-
nation, primers were designed to span an intron.
Sequence similarities to known sequences were identified
using NCBI BLASTanalysis. For statistical significance,
all RT-PCR experiments for each primer pair were per-
formed in triplicate and repeated three times on separate
biological samples. The platypus Crspx and Crspy
positive BAC clones were confirmed by PCR using
abovementioned primers. Platypus beta-Actin primers
bAfor- GCCCATCTACGAAGGTTACGC and bArev-
AAGGTCGTTTCGTGGATACCAC were used as inter-
nal and loading controls. For all samples, the positive
PCR products for each gene were confirmed by sequenc-
ing and compared with the platypus genome database
(data not shown).

Phylogenetic analysis

Sequences of the following species were included in
the analysis: zebrafish (Danio rerio) AY034615.1,
frog (Xenopus laevis) NM_001090429.1, chicken
(Gallus gallus) XM_001234570.1, opossum
(Monodelphis domestica) XM_001363095.1, platypus
(Ornithorhynchus anatinus), and human (Homo sapiens)
AF104253.1 (see Supplementary data)

cDNA sequences for platypus Crspx and Crspy
were manually curated. Crspx sequence was generat-
ed from Contig8610 and Contig6275 to maximize
similarity with other Crsp7 genes considering ge-
nomic features such as predicted splice sites, and
the Crspy sequence used in this analysis is a chimera
of three distinct Crspy loci. Corrections of the
sequences in the database can be accessed on the
NCBI gene database. GenBank accession number
for platypus Crspy is JN815314. Sequences were
aligned using MUSCLE (Edgar 2004) with the
MEGA package (Tamura et al. 2011) using the fol-
lowing parameters: codon alignment, gap open −2.9,
gap extend 0, hydrophobicity multiplier 1.2, max
iterations 8, UPGMA clustering, min diag length
24, and standard genetic code (i.e., default options).
MrBayes (Huelsenbeck and Ronquist 2001)—ver-
sion 3.1.2 was used to reconstruct the tree with the
following parameters: 106 iterations using GTR +
gamma and proportion of invariant sites. PyCogent
(Knight et al. 2007)—version 1.5 was used to deter-
mine dN/dS values for branches.
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BAC clone isolation

Platypus Y5 chromosome BAC (OABb-285J12) was
identified and sequenced as previously described
(Kortschak et al. 2009; Grutzner et al. 2004). The
Crsp7 gene sequence (ENSOANT00000021231,
http://www.ensembl.org) was used to identify a BAC
clone CH236-456I13 containing the platypus Crspx
gene (http://www.ncbi.nlm.nih.gov/Traces and http://
genome.wustl.edu/tools/blast). The platypus BAC
clones (OABb-285J12 and CH236-456I13) were
obtained from the CUGI BAC/EST resource center
(http://www.genome.clemson.edu) and CHORI-236
BAC clone (http://bacpac.chori.org).

Illumina sequencing

Illumina libraries were prepared from cDNA subjected to
fragmentation. Sample processing involving end repair,
A-tailing, and ligation of Illumina single read adapters
and was performed according to the recommendations by
Illumina. We sequenced one lane each from the testis
library and from the liver library on an Illumina GA I
instrument, using a 36-cycle recipe. Basecalling was
performed using Illumina pipeline v0.2.2.5

Physical mapping

Preparation of chromosomes Mitotic metaphase chro-
mosomes were generated from the established platypus
fibroblast cell lines (Grutzner et al. 2004). Primary
cultures were set up from toe-web tissue.

Fluorescence in situ hybridization of BAC clones The
chromosomal location of the Crspx and Crspy con-
taining BAC clones (CH236-456I13 and OABb-
285J12) was determined by fluorescence in situ
hybridization of male platypus fibroblasts as described
previously (Tsend-Ayush et al. 2009). Images were
taken with a Zeiss AxioImager Z.1 epifluorescence
microscope equipped with a CCD camera and Zeiss
Axiovision software.

Reporter gene assay

Construction of platypus Crspx and Crspy expression
plasmids: the 2.4-kb sequence of Crspy and the 1.6-kb
sequence ofCrspxwere amplified using cDNAs derived
from platypus testis by PCR with the sense primer

Crspy-KpnI 5′-GGTACCACAATGACTGCGGA-3′,
the antisense primer Crspy-ApaI 5′-GGGCCC
TCAGTCTAGGCAGA-3′, the sense primer Crspx-
AflII 5′-CTTAAGAACATGGTGGCAGT-3′ and the
ant isense pr imer Crspx -XbaI 5 ′ -CAGTCTA
GACAGACGTAAGG-3′. The resultant amplicons were
agarose gel-purified and inserted into pGEM®-T Easy
Vector (Promega, Madison,WI, USA) and further subcl-
oned into pcDNA3.1(+) to form the Crspx and Crspy-
expressing plasmids (pcDNA-Crspx, pcDNA-Crspy).
The clones were confirmed by restriction digestion and
sequencing.

Cell culture and transfections HEK293T cells were
grown in DMEM (Gibco) medium supplemented with
10% fetal bovine serum and L-glutamine in an atmo-
sphere of 5% CO2. Transient transfections were con-
ducted using Fugene6 (Roche) in accordance with the
manufacturer’s instructions. Cells were seeded at a den-
sity of 0.5×105 cells per well in 12-well plates 24 h prior
to transfection. Forty-eight hours post-transfection cell
lysate was collected and luciferase reporter activity was
measured according to the manufacturer’s instructions
(Promega). Reporter activity was normalized to b-ga-
lactosidase as an internal control (Promega).

Results

Identification and characterization of the Crsp7
gametologs Crspx and Crspy in platypus

We obtained approximately 500 kb of sequence
derived from Y-specific BAC clones (Kortschak et
al. 2009). Sequence analysis revealed the presence of
a gene with homology to the human mediator complex
component 26 (Med26 or Crsp7). In the database
Crsp7 (Cr spx ) maps to p l a t ypus genome
SuperContig6275: 6,700–9,957 bp (www.ensembl.org,
accessed September 2011), which has not been assigned
to a specific chromosome (mapped to platypus X1 in
this study, and hence termed Crspx). There are two
platypus Crsp7 transcripts identified in the database.
However, we obtained the full-length platypus Crspx
cDNA from testis and kidney and sequencing of ten
clones confirmed presence of only one transcript
(ENSOANT00000021231).

The Y-specific 1,800-bp gene encodes a putative
platypus Crspy protein of 599 amino acids with 57%
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identity to the predicted platypus Crspx protein and
53% identity to the human CRSP7 protein. Multiple
alignments of the amino acid sequences derived from
the Crsp7 family of genes from human, mouse, mar-
supial, and fish confirmed that there is moderate con-
servation across the entire protein, with the N-terminal
transcription elongation factor (TfIIS-N) domain being
the most conserved region (supplementary Fig. 1).

Phylogenetic analysis

Species included in the analysis were zebrafish (D.
rerio), frog (X. laevis), chicken (G. gallus), opossum
(M. domestica), platypus (O. anatinus), and human
(H. sapiens). Figure 1 shows a Bayesian reconstruc-
tion based on the cDNA sequence of these species
(multiple alignment shown in supplementary Fig. 1).

All nodes have a posterior probability of 1; the dichot-
omies contributing to the polytomy do not attain ma-
jority support. Surprisingly, platypus Crspy and Crspx
are associated with different nodes in this reconstruc-
tion. We calculated the dN/dS changes to identify
changes in selective pressure. The omega values
obtained (see Fig. 1) did indicate relaxation of purify-
ing selection in the case of platypus, a situation which
may be explained by the existence of two distinct
Crsp7 orthologs (gametologs) in this species allowing
some diversification of function.

Mapping of Crspx and Crspy in platypus

Fluorescence in situ hybridization was used to map the
verified BAC clones onto platypus metaphase chro-
mosome spreads. A BAC clone containing the

Fig. 1 Phylogenetic recon-
struction of the gene tree for
a collection of Crsp7 ortho-
logs and the platypus game-
tologs. Bayesian
reconstruction based on the
cDNA sequence of zebrafish
(D. rerio), frog (X. laevis),
chicken (G. gallus), opossum
(M. domestica), platypus (O.
anatinus), and human (H.
sapiens). All nodes have a
posterior probability of 1.
Omega values (dN/dS) for
the individual genes are
depicted on the branches
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platypus Crspy hybridized to the platypus Y-specific
region of the minute Y5 chromosome (Fig. 2b). We
used the available Crspx contig sequence to search the
BAC sequence database (see Material and methods).
A confirmed (PCR and sequencing) Crspx containing
BAC clone hybridized unequivocally to the telomeric
region of the long arm of platypus chromosome X1
and not to X5 as expected (Fig. 2a). The implications

for understanding the evolution of the monotreme sex
chromosome chain are discussed below.

Expression analysis

RT-PCR was carried out to assess the transcriptional
activity of the Crspx and Crspy genes in adult platypus
tissues (brain, muscle, kidney, liver, testis, and ovary).
The results demonstrated that the transcript of platypus
Crspx was detected in all tested male and female
tissues (Fig. 3). Crspy showed much higher expression
in testis than kidney and low expression in liver,
muscle, and brain. No Crspy expression was detected
in female tissues tested (liver, kidney, brain, muscle,
ovary, shown only for brain and ovary in Fig. 3).

Using Bowtie, we also determined the number of
reads that mapped to Crspx and Crspy in two RNA-
seq datasets derived from male platypus liver and
testis samples (Langmeade et al. 2009). From the
6069551 liver-derived reads, we detected only six
Crsp-aligning reads, all of which aligned with Crspx.
While from the 7605063 testis-derived reads, 142
alignments were reported, 133 for Crspy and 9 for
Crspx. This confirms our RT-PCR results of a uniform
expression of Crspx in these tissues and a stronger
expression of Crspy in testis. This expression differ-
ence between the Crspx and Crspy genes may indicate
subfunctionalization of the male-specific Y copy of
this gene in testis.

Reporter gene analysis of Crspx and Crspy

Monotremes lack the Sry gene which has recently
been shown to activate Sox9 via a testis-specific
enhancer element (Sekido and Lovell-Badge 2008).
We wanted to test our hypothesis that Crspy would
be efficient in activating the mouse TESCO (testis-
specific enhancer core element) as a possible way of
triggering male sex determination in platypus. To do
this, platypus, Crspx and Crspy were cloned into an
expression vector and transfected into cells containing
the mouse TESCO enhancer linked to a luciferase
reporter. Mouse genes included in the transfections
which are potential partners were: Sf-1 which has been
shown to bind the TESCO enhancer together with Sry
in mouse, Sox3 which is the gametolog of Sry on the
mouse X chromosomes (platypus has a Sox3 gene
which resides on an autosome) and Sox9, which has
been shown to efficiently auto upregulate via TESCO.

Fig. 2 Physical mapping of Crspx and Crspy in platypus.
Fluorescence in situ hybridization of the Crspx containing
BAC clone CH236-456I13 (labeled with spectrum orange (a))
and of the Crspy containing OABb-285J12 (labeled with spec-
trum green (b)) to male platypus metaphase chromosome
spreads. Strong signals for Crspx were observed on the telo-
meric region of the long arm of platypus chromosome X1 and
for Crspy on the smallest platypus chromosome Y5. The chro-
mosomes are counterstained with DAPI. The inset shows a close
up of the position of the small DAPI-weak platypus Y5. Scale
bar is 5 μm
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Crspy and Crspx were co-transfected with those
mouse genes and the relative luciferase activity and
was measured and fold induction of the reported cal-
culated (Fig. 4). As expected, Sox9 together with Sf-1
shows the highest induction of the reporter in this
assay. Overall, both Crspx and Crspy do not cause a
significantly increased induction with any of the
mouse genes tested in this assay. However, we did
observe a modest increase in particular of Crspx in
combination with Sox9 and Sf-1 in this assay. From
these experiments, it seems unlikely that Crspy acts as
activator via TESCO of Sox9 in platypus.

Discussion

Gene evolution on differentiated sex chromosomes is
subject to a variety of evolutionary forces. This is due
to the lack of recombination and is potentially accel-
erated by hitchhiking effects or sub-functionalization
(and positive selection) of the male-specific copy of
gametologs on the Y chromosomes. Monotreme sex
chromosomes are a fascinating system in which to
study Y chromosome differentiation. In addition, the
sex-determining gene is still unknown. In order to
obtain sequences from Y chromosomes, we have iso-
lated and sequenced BAC clones from Y-specific
regions and obtained initial sequences from some of
those clones. Here, we report the identification and
characterization of the differentiated X and Y copies
of a mediator complex gene.

Evolution of Crspx and Crspy

The mediator complex is a large multi-protein com-
plex which is required as transcriptional co-factor

for gene-specific transcription factors. In this role,
the mediator complex coordinates RNA polymerase
II recruitment and activation. About 30 mediator
complex genes have been identified in humans
(Malik and Roeder 2010). Mediator genes are high-
ly conserved in metazoan evolution. Mediator 26 is
a subunit of the CRSP complex (co-factor required
for SP1 activation) and maps to human chromo-
some 19p13.11 (Ryu et al. 1999). The transcription
factor SP1 regulates a vast number of genes and
SP1 binding sites can also been identified on a
number of genes involved in sex determination in
mammals including Sry (Desclozeaux et al. 1998).
MED26 is part of only a small number of fractions
that have been isolated from the 30 or so
multi-protein complex. Recently the detailed mech-
anism of MED26 function has been resolved and a
large number of target genes have been identified
(Takahashi et al. 2011).

Interestingly, our identification of gametologs of
mediator complex gene is not the first example of a
Y copy of a gene from this group. In frog (Hyla
arborea), orthologs of the Med15 gene are located
on sex chromosomes. In this example, the X and Y
copies of the Med15 gene have been highly conserved
and differ only by a few frame shift-preserving indels
in the glutamine-rich domain (Niculita-Hirzel et al.
2008). The differences between the platypus Crspx
and Crspy genes are more substantial and could lead
to significant changes in protein folding and function.
Differentiation of sex-specific function may have been
facilitated by the sex-specific existence and expression
of Crspy.

There has been controversy over whether Y chro-
mosome degradation is driven by random genetic drift
in combination with relaxed purifying selection, or

Fig. 3 Expression analysis of
Crspx and Crspy in platypus.
RT-PCR was performed to
obtain the expression pattern
of each gene in tissues from
male and female adult platy-
pus. The negative control is
indicated as−ve. The platypus
β-Actin gene was used as
positive control. Right panel
shows PCR on male and
female genomic DNA
showing male-specific bands
for Crspy
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Fig. 4 Crspx and Crspy reporter gene assay. HEK293T cells
were co-transfected with 100 ng of the TESCO-luciferase reporter
in the presence of 300 ng of expression plasmids as indicated. The
CMV-b-galactosidase reporter was used as internal control of

transfection efficiency. Luciferase activity (a) was normalized to
b-galactosidase activity (b) shows the fold induction of the reporter
in this assay. Error bars indicate standard errors of the means for
triplicate samples from three independent experiments
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genetic hitchhiking where the deleterious mutation is
fixed as a result of linkage to positively selected loci.

In the case of Crspx and Crspy, we calculated omega
values substantially higher than for other branches in the
analyzed clades (Fig. 1), suggesting relaxed purifying
selection or possibly diversifying selection. A contrib-
uting factor maybe that effective population size in
monotremes is small, increasing the effects of genetic
drift possibly weakening purifying selection. In addi-
tion, monotremes are seasonal breeders with massively
enlarged testis during breeding season. During sperm
maturation, sperm form bundles, an approach which has
been interpreted as result of fierce sperm competition
(Djakiew and Jones 1982, 1983; Jones et al. 2004, 2007;
Grutzner et al. 2008).

Our mapping of Crspy on Y5 and Crspx on X1 is
surprising and the first example of homology between
platypus X1 and Y5. This raises the question of when
that differentiation of X and Y copy of this gene
occurred in monotremes and how this may contribute
to our understanding of the evolution of the sex chro-
mosome complex.

Two different models have been proposed to
explain the evolution of monotreme sex chromosomes
(discussed in Gruetzner et al. 2006). The initial pro-
posal that the multiple sex chromosome chain arose by
recurrent translocations (Grutzner et al. 2004) was
regarded as less parsimonious than a hybridization

model which first results in a ring of translocation
heterozyote chromosomes (Gruetzner et al. 2006;
Ashley 2005). If the differentiation of the region con-
taining Crspx and Crspy occurred more recently (i.e.,
before the divergence of platypus and echidna), it may
have led a ring of ten chromosomes to open as a chain
(supplementary Fig. 2).

If differentiation of the region containing Crspx and
Crspy predates the first translocation event, this results
in a chain and explains the location of Crspx on X1 and
Crspy on Y5 after four X autosome translocations
(Fig. 5). The scattering of homologies to the chicken Z
chromosome extending fromX5 to X1was predicted by
the translocation model in Gruetzner et al. 2006 and is
supported by the disruption of theMHC region onto two
sex chromosome pairs (Dohm et al. 2007), and impor-
tantly by the fact that different autosomes have been
added to the sex chromosome complex in platypus and
echidna independently (Rens et al. 2007). Given this
evidence,Crspx/Crspy likely have differentiated on het-
eromorphic sex chromosomes before X autosome trans-
locations led to this sex chromosome complex (Fig. 5).

Crspy, a potential sex-determining gene in platypus?

Monotremes have no Sry gene, but the therian game-
tolog Sox3 is present on chromosome 6 (Wallis et al.
2007). Recently, the crucial step of Sry action has been

Fig. 5 Evolution of the
platypus sex chromosome
chain by recurrent reciprocal
translocations. This model
requires a differentiated
ancestral sex chromosome
pair. Four X-autosome
reciprocal translocations
(X-A translocation 1-4) will
move Crspx from its original
position on the ancestral X
to the X1 and result in a sex
chromosome chain of ten.
The red bars indicate the
translocation breakpoints.
X–Y differentiation and Y
chromosome degeneration
leads to the reduction in size
of the Y chromosomes
observed in the platypus sex
chromosome chain. An
alternative model is given in
supplementary Fig. 2
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discovered, where Sry together with Sf-1 binds to a
testis-specific enhancer element (TESCO). Sox9 upre-
gulation during testis development is highly conserved
and observed in both mammals and birds (Smith et al.
1999). Sp1 binding sites have been identified for Sox9
(Piera-Velazquez et al. 2007; Bagheri-Fam et al.
2010), raising a potential role for Crspx/y to modulate
expression of Sox9. Using the mouse enhancer ele-
ment and a range of genes including Sox3, we did not
observe a significant effect on the reporter gene.
Modest activation of the reporter by both platypus
genes do demonstrate that platypus Crspx and Crspy
have an effect in this system. Importantly, this shows
that it is feasible to test platypus genes using this
approach, and in future work we will use increasingly
platypus-specific sequences including the platypus
Sox9 enhancer element and platypus orthologs of
Sox3, Sox9, and Sf-1. This may reveal a possible role
of Crspx and Crspy in testis, but also help understand-
ing the evolutionary dynamic of Sox9 regulation in
mammalian evolution before the origin of the Sry
gene.
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